phospho-STAT3 levels. The recovery of growth, migration, and signaling were blocked by a JNK inhibitor. Conclusions Removal of regorafenib from growth-inhibited cells resulted in a JNK-dependent recovery of growth and migration.
Introduction
Sorafenib (Nexavar) is an oral multikinase inhibitor [1] [2] [3] . It has effects on many cell types, including hepatocellular carcinoma (HCC) cells [4] , as well as tumor vascular endothelial cells. It causes HCC growth inhibition in vitro of experimental HCC in vivo and was FDA approved for treatment for human HCC after a phase III trial showed a 10-week survival benefit [5] . An Asian trial was similar [6] , but with lower survival. It has dermal and systemic toxicities [7] [8] [9] , which can result in lowering of drug dose, temporary or permanent therapy cessation.
The improved knowledge of molecular mechanisms in hepatocarcinogenesis today provides the opportunity for targeted therapy with new small molecule inhibitors, as regorafenib (BAY 73-4506, Stirvaga).
Regorafenib, a sorafenib analog [10] , has a distinct biochemical kinase inhibition profile and pharmacologic characteristics, including potent inhibition of several angiogenic, stromal and oncogenic kinases, and broad spectrum activity against several experimental tumors [11] . It has shown clinical promise for GIST and colorectal cancer [12, 13] and is being tested in other tumors, including HCC. These drugs differ from cancer chemotherapies in mainly inhibiting cell growth, rather than being cytocidal.
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Although a reversal of kinase inhibitor effects has been previously noted, this has only recently been described for multikinase inhibitors [14] [15] [16] [17] .
While resistance to cancer drugs can result from rare, preexisting genetic mutations that emerge in response to drug treatment, accumulating evidence has pointed to additional non-genetic, potentially reversible mechanisms [18] .
During acute response to various anticancer agents in several different drug sensitive human cancer cell lines, there is a small subpopulation of reversibly "drug-tolerant" cells that maintain viability under conditions where the vast majority of the cell population is rapidly killed.
We previously found that cells, treated with regorafenib and then replaced with drug-free medium, showed a recovery of normal cell growth [17] . In this report, we examine this phenomenon analyzing growth, migration, and invasion processes.
Materials and methods

Cells and drugs
Regorafenib was gifted from Bayer Corp (West Haven, CT USA); doxorubicin was purchased from Pfizer (Rome, Italy), vitamin K1 was purchased from International Medication Systems, Limited (So. El Monte, CA, USA), JNK inhibitor (SP600125) from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Hep3B, HepG2, and PLC/PRF/5 human HCC lines were purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). Culture medium was Dulbecco's Modified Eagle's Medium (DMEM). All culture materials were purchased from Sigma-Aldrich (Milan, Italy).
Cell culture
Cells were cultured in DMEM in monolayer culture, supplemented with 10 % fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin, and incubated at 37 °C in a humidified atmosphere containing 5 % CO 2 in air. At confluence, cells were harvested by trypsinization and subcultured with a 1:4 split ratio.
Drug treatments
Cells were seeded at 0.6 × 10 5 cells/2 ml medium containing 10 % FBS in 35 mm tissue culture dishes (Corning Costar, Milan, Italy). They were incubated for 24 h for attachment; then, the medium was replaced by fresh culture medium containing regorafenib 5.0 μM, or other concentrations dissolved in dimethyl sulfoxide (DMSO) for 72 h. Doxorubicin was used at 0.012, 0.025, or 0.05 μM dissolved in 0.9 % NaCl solution. Vitamin K1 was used at 6.25, 12.5, or 25.0 μM in sterile water. JNK inhibitor was used at 20 μM dissolved in DMSO. Each experiment included an untreated and a solvent control. Triplicate cultures were used for each drug concentration and controls; each experiment was repeated three times.
Recovery/reversibility
Hep3B, HepG2, and PLC/PRF/5 cells were treated with regorafenib as previously described above; then, the medium was removed and replaced with fresh medium without drug (T0). The T0 represents the end of time of drug treatment (72 h). At this time, the cells were harvested and analyzed. The rate of cell recovery was then evaluated at different subsequent times: 24 h (T1), 48 h (T2), 72 h (T3), and 96 h (T4).
Assessment of cell proliferation
At the indicated times, the proliferative response was estimated by colorimetric 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test and 5-bromo-2′-deoxy-uridine Labeling and Detection (BrdU) kit (Roche Diagnostics GmbH, Mannheim, Germany), as previously described [19] . Trypan blue exclusion was used to evaluate cell viability. Each experiment was performed in triplicate and repeated three times.
Migration assay
Cells grew for 48 h in medium containing regorafenib concentrations or solvent (control), until confluence. A scratch wound was generated with a pipette tip. After rinsing with medium to remove detached cells, low serum medium (1 % FBS) without drug was added. Photographs were taken of each well immediately (T0) and after various times T1, T2, T3, and T4 using a Leica DMRXA camera (Leica Microsystems, Milan, Italy). Images were analyzed using ImageJ Software (http://rsb.info.nih.gov/ij/). The distance that cells migrated through the area created by scratching was determined by measuring the wound width at T1, T2, T3, and T4 and subtracting it from the wound width at the start. The values were expressed as percentage of migration, with 100 % being when the wound was completely closed. The results were representative of three independent experiments.
Invasion assay
Cell invasion assays were performed using Matrigel (BD Transduction, San Jose, CA, USA)-coated Transwells (8 μm pore PET membrane, Millipore, Billerica, MA, USA) as previously described [19] . Briefly, treated or recovered cells were suspended in low serum medium. Complete medium was added to the bottom wells. After incubation, the invading cells were fixed and stained. The images were acquired and analyzed counting the cells with ImageJ Software. Values obtained were expressed as percentage of invasion, setting the cell counts of control cells as 100 %. Results were representative of three independent experiments.
Western blot (WB)
We analyzed the MAPK signaling, apoptosis, and autophagy pathways in Hep3B cells during cell proliferation from T0 to T4 by WB. WB method was previously described [17] . Briefly, cells were lysed in RIPA buffer (Sigma-Aldrich, Milan; Italy), and, after quantitation, equal amounts of protein (50 μg) were resolved on SDS/ polyacrylamide gels and transferred to polyvinyldifluoride (PVDF) membrane (BioRad, Milan, Italy ) (pBcl-2), LC3 II, cleaved caspase-7 and caspase-8 and β-actin (Cell Signaling, Beverly, MA, USA), and Bax, Bcl-xL, and Beclin-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Protein expression was determined with horseradish peroxidaseconjugated secondary antibody and enhanced chemiluminescence (ECL) (Cell Signaling).
The band intensity was measured by densitometry using the ChemiDoc XRS apparatus and specific software (BioRad). The protein levels were normalized with respect to that of β-actin. At least three independent experiments have been carried out, and representative results are shown.
Transmission electron microscopy (TEM)
Transmission electron microscopy was performed on Hep3B cells at T0 and T3. After washing with PBS pH 7.4, the monolayer cells were immediately fixed with 2.5 % glutaraldehyde for 30 min at 4 °C and then postfixed in 1 % OsO 4 for 20 min at 4 °C, progressively dehydrated by increasing concentrations of ethanol and finally treated with propylene oxide and included in epoxy resin. Sections (1.5 μm and 70-90 nm) prepared by ultramicrotome (PTXl-RMC, Tucson, AZ, USA) were examined by TEM Morgagni 268 (FEI Electron Optics, Eindhoven, the Netherlands) and its image analyzer iTEM (Soft Imaging System, Munster, Germany). Quantification of cells in apoptosis or autophagy: micrographs of 25 single cells in T0 or in T3 were analyzed. Cells were considered non-apoptotic and non-autophagic if the integrity of the nuclear and cytoplasmic structures was maintained. Differences between cells with and without morphological alterations in two groups of cells are expressed in percentage.
Statistical analysis
The differences between two unmatched groups were evaluated by Mann-Whitney nonparametric test.
For multiple comparisons was used one-way ANOVA test followed by Dunnett's post test.
The computer software used was GraphPad Prism version 5.0.
P-values of < 0.05 were considered statistically significant.
All experiments were done in triplicate, and data are presented as mean ± standard deviation (SD).
Results
Growth recovery after regorafenib treatment
A preliminary report showed reversible growth inhibition of Hep 3B cells treated with regorafenib for 72 h [17] . In this report, we have extended this treatment to include both PLC/PRF/5 and HepG2 HCC cell lines (Fig. 1) . The Hep3B cells were treated with regorafenib 5 μM for a longer period (5-7 days). If the cells reached confluence during this period, the treatment was prolonged after splitting and subcultures with 1:4 ratio. Trypan blue exclusion test was used to evaluate cell viability. After 5 or 7 days of treatment, the drug was removed, and growth recovery was examined for further 5 days (Fig. 2a) .
This treatment period caused growth inhibition, with subsequent recovery. In separate experiments, recovered cells were subcultured to ensure normal growth and absence of residual toxicity and then treated a second time with regorafenib 1 μM for 72 h. Cell growth inhibition and recovery were examined. We found incomplete recovery in twice-treated cells in which the percentage of recovery after 72 h was 78 % against the 92 % in cells that received only one treatment (Fig. 2b) .
Both doxorubicin 0.1 μM and vitamin K1 50 μM inhibit HCC cell growth [17] . To investigate the possible modulation of growth recovery after regorafenib, regorafenib pretreated cells were further treated after drug removal with low concentrations of either doxorubicin 0.0125-0.05 μM or vitamin K1 6.25-25.0 μM, concentrations that did not inhibit growth when the drugs were used alone. Growth recovery of the previously regorafenib-inhibited cells was then examined. Doxorubicin at non-growth-inhibitory concentrations when used alone partially inhibited the growth recovery (Fig. 3a) , as did vitamin K1 (Fig. 3b) .
Recovery from regorafenib-mediated inhibition of migration Regorafenib 1 μM can inhibit HCC cell migration, whereas 5.0 μM was needed for growth inhibition [19] . A migration assay was performed comparing the percentage of migration of cells treated with various regorafenib concentrations to that of cells after removal of the same drug concentrations (Fig. 4a) . We found that migration recovered after removal of regorafenib 1.0 or 2.5 μM, but not after prior treatment with 5.0 μM. Recovery of migration was thus more sensitive than recovery of growth inhibition, as described above. Doxorubicin and vitamin K1 were then examined for their effects on recovery from regorafenib treatment on cell migration. As in the growth assays, low concentrations of doxorubicin (0.025-0.05 μM) were found to antagonize the recovery of cell migration (Fig. 4c) . Vitamin K1 (12.5-25.0 μM) also significantly antagonized recovery of migration (Fig. 4b) , as for cell growth recovery (Fig. 3b) .
Recovery from regorafenib-mediated inhibition of cell invasion
An identical approach to recovery of cell invasion was taken, as for cell migration, but with slightly different results. After a 72 h exposure to different regorafenib concentrations, drug was removed from the growth medium and after 72 h of recovery, Hep3B and PLC/PRF/5 cells were then examined in invasiveness assay, using extra cellular matrix.
We found that Hep3B cells completely recovered their invasiveness properties after 1.0 μM treatment with drug, whereas the recovery was not complete (75 %) in PLC/PRF/5 cells. However, after a 5.0 μM drug treatment, complete recovery of invasiveness was not found in both cell lines (Fig. 5a, b) .
Mechanisms of growth recovery
Changes in MAPK pathway in Hep3B cells from T0 to T4 were analyzed by WB. Since pJNK levels are altered by regorafenib action [17] , we examined its levels during growth recovery. We found that pJNK and pp38 levels were increased from T1 to T4. We then examined the common upstream and downstream kinases, and we found Fig. 2 Recovery of growth after regorafenib-mediated inhibition. a Hep3B cells were cultured in regorafenib 5 μM for 5 or 7 days to inhibit growth. The medium was then removed (T0), and the cells were cultured for the indicated further days in drug-free medium and analyzed using the MTT assay. b Hep3B cells were doubly treated with regorafenib or vehicle and followed after each treatment for growth recovery at different times (T1-T3), using the MTT assay. Values were expressed as percentage of recovery of the treated cells respect control (vehicle) cells (100 % at T3). *P < 0.05, **P < 0.001
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an increased levels of both pMKK4 (Ser 257 ) and pSTAT3 (Tyr 705 , Ser 727 ) from T1 to T4 (Fig. 6a) (Fig. 5b) . Levels of p38, JNK, and STAT3 were not inhibited (Fig. 6b) .
JNK inhibitor actions on recovery of cell growth and migration
Cells were then treated with regorafenib 5 μM for 72 h and, after growth inhibition, were allowed to recover for 3 days in the presence or absence of JNK inhibitor 20 μM. Recovery of growth was almost completely blocked by JNK inhibitor presence (Fig. 6c) . Since the JNK inhibitor antagonized growth recovery after regorafenib release, we examined whether it would have similar effects on recovery of cell migration. The recovery of migration in regorafenib pre-treated cells was examined in the absence or presence of the JNK inhibitor, and the inhibitor was found to partially antagonize recovery of cell migration (Fig. 6d) .
Apoptosis and autophagy processes in recovery
In a previous study [17] , we have analyzed the autophagy and apoptosis in regorafenib-treated cell; here, we have evaluated some markers of these two processes. The results were then confirmed by TEM.
The recovery, after a treatment with regorafenib 5 μM for 72 h, showed an increase in anti-apoptotic markers (Bcl-xL and pBcl-2) and decrease in pro-apoptotic proteins Fig. 3 Effects of doxorubicin and vitamin K1 on cell growth recovery. Hep3B cells were treated with regorafenib 5 μM (white columns) or vehicle (black columns). After medium renewal (T0), the cells cultured with the indicated concentrations of doxorubicin (a) or vitamin K1 (b) were followed for growth recovery at different times (T1-T3) using the MTT assay. *P < 0.05, **P < 0.001, ***P < 0.0001 (caspase-7, caspase-8) together with a decrease in proautophagy markers (Beclin-1 and LC3 II). Thus, reversibility was associated with anti-apoptotic and anti-autophagy effects (Fig. 1S) . TEM showed that most cells in T0 (36.0 %) contained typical autophagic vacuoles in different stages of maturation and extensive mitochondrial swelling with disruption of cristae and large clumps of heterochromatin adjacent to the nuclear envelope, consistent with biochemical results.
During cell recovery, seemingly normal subcellular structures returned, and only 9.5 % of cells in T3 showed apoptotic and/or autophagy signs (Fig. 1S) .
Discussion
Sorafenib clinical toxicities often result in dose reductions, dose delays, or even cessation of treatments [7] [8] [9] 20] . Regorafenib is a potent inhibitor of HCC growth, migration, and invasion, associated with early and transient suppression of pERK and delayed induction of pJNK levels, with biochemical evidence for induction of apoptosis and autophagy [18] . Even very low regorafenib concentrations for longer times could cause these events [19] . In the current study, we treated HCC cells in culture with growthinhibitory concentrations of regorafenib and then observed the changes after drug removal. We found that growth recovered, as well as inhibition of migration and invasion. When the process was repeated by treating pre-treated and recovered cells with a second drug exposure, cells also recovered, but their growth was slower than non-pre-treated cells, suggesting residual drug effects.
We considered that the cells were possibly damaged by the first treatment. However, when we subcultured, pretreated, and recovered cells several times, a second treatment followed by drug removal still resulted in a slower recovery. We interpreted this as signifying that there was some longer term cellular alteration from the initial drug exposure. We also noted a difference in cell sensitivity to inhibition of growth compared with inhibition of cell migration, as noted previously [19] , since lower concentrations of regorafenib were needed for growth inhibition, compared with migration inhibition. At the concentrations of regorafenib needed to completely inhibit cell migration without subsequent recovery, inhibition of cell growth could still reverse.
These multikinase inhibitors are not considered to be cytocidal. We reasoned that drug removal from treated cells could result in recovery of cell growth and examined whether we could modulate or antagonize cell growth recovery, using agents previously shown to inhibit HCC cell growth, but at low concentrations. Doxorubicin has a long use in HCC treatment [21] . We found concentrations that did not inhibit cell growth when used alone. We then exposed regorafenib pre-treated and recovering cells to these low doxorubicin concentrations and found that recovery of growth and migration could be substantially antagonized.
Since non-toxic vitamin K1 has been evaluated experimentally for its ability to inhibit HCC cell growth [23] , we exposed regorafenib-recovering cells to a range of vitamin K1 concentrations and found that low concentrations of vitamin K1 that did not inhibit HCC cell growth when used alone could inhibit recovery of growth and migration. Sequential chemotherapies in HCC are previously reported [20] .
Given the low response rates, but increased survival in sorafenib HCC clinical trials [5] , several clinical studies of combinations, using sorafenib plus chemotherapy, are ongoing. Others have also noted reversibility of tumor cell growth after cessation of kinase inhibitor actions [15, 24] .
We previously observed cell quiescence after regorafenib treatment in vitro [17] . The current study extends that to show that growth-inhibited cells can fully recover their growth after drug removal and suggests that long-term treatment might be needed for prolonged cancer control. These might involve use of chronic low regorafenib concentrations [19] , or combinations of regorafenib, either with chemotherapies, or with agents targeting other pathways [25] [26] [27] .
We evaluated possible mechanisms involved in growth reversibility and found increased levels of pJNK. We expected the opposite, because we previously found that regorafenib treatment caused a pJNK increase [17] . To confirm these new findings, we used a JNK inhibitor (SP600125) and found that it antagonized both growth recovery and associated increased pJNK. JNK has a dual function in the cell, in growth arrest/apoptosis, and in recovery from cell stress [28, 29] .
Our experiments showed that JNK plays an important role in recovery of both growth and migration. Recent studies of cell migration showed that serine phosphorylation of paxillin was mediated by JNK and that p38 MAPK was crucial for this cellular process [30, 31] .
MKK4 is an upstream kinase activator of JNK and p38. The p38 protein can induce growth arrest and/or apoptosis, as well as promote drug resistance and cell survival [32] . We found that pp38α and pMKK4 levels were increased, in addition to pJNK in the cell growth recovery. There is evidence for positive and negative cross talk between p38 and JNK signaling, depending on the cell type [33] .
After our JNK inhibitor treatments, the cells had decreased pSTAT3 levels and unexpectedly p38 dephosphorylation. This highlights a possible relationship between JNK and p38 activity in the recovery of cell proliferation, suggesting that cells protect themselves from drug insult by STAT3 activation via the JNK and p38 pathways [34] .
Apoptosis and autophagy are critical survival mechanisms in cellular responses to a variety of cytotoxic stimuli including drug treatments. We found increases in anti-apoptotic protein levels, with unchanged or decreased pro-apoptotic markers during reversibility, together with down-regulation of autophagic Beclin-1 and LC3 II.
Conclusions
Growth-inhibited cells can recover after regorafenib removal. This recovery can be modulated by low concentrations of drugs and involves JNK and p38 actions. ) kinase levels (T1-T3) was observed. c, d Cell growth (C) and migration (D) during recovery (T1-T3). R-and R + represent the cells without and with regorafenib treatment (5 μM), respectively. Sp-and Sp + represent cells without or with JNK inhibitor treatment (20 μM), respectively. *P < 0.05, **P < 0.001, ***P < 0.0001
